A AgtlO bovine brain and a Agtll bovine heart cDNA library were screened with oligonucleotide probes corresponding to partial protein sequences directly determined from the isolated 51-kDa subunit of the bovine respiratorychain NADH dehydrogenase. Clones were isolated that encode a protein of 464 amino acids containing all the 11 partial tryptic peptide sequences determined from the 51-kDa subunit. The size and amino acid composition ofthis protein agree with those determined for the purified 51-kDa subunit. Furthermore, this protein contains a putative NADH-binding domain, a possible FMN-binding site, and a putative binding site for an iron-sulfur duster. The above evidence indicates that the cloned protein is the 51-kDa subunit or its precursor. A search for sequence similarity with proteins in the Protein Identification Resource data base has revealed that the 51-kDa subunit has 32% amino acid sequence identity with a major portion of the a subunit of the soluble NAD+-reducing hydrogenase from Akaligenes eutrophus. In particular, there are three segments of high sequence similarity (70-88%) between the two proteins which correspond to the three ligand-binding sites.
The NADH:ubiquinone oxidoreductase or rotenone-sensitive NADH dehydrogenase (EC 1.6.5.3) is the first enzyme of the mitochondrial respiratory chain (for a review see ref. 1) . The molecular genetic analysis of this enzyme complex (complex I) started a few years ago with the discovery that 7 of the -25 subunits of the human enzyme (2, 3) and 6 of the -22 subunits of the Neurospora crassa enzyme (4) are encoded in mitochondrial DNA. Recent efforts have been directed toward the cloning and structural analysis of nuclear-encoded subunits of the flavoprotein and iron-protein fragments of the enzyme. Of the 3 polypeptides that constitute the bovine flavoprotein fragment-i.e., the 51-kDa, 24 -kDa, and 9-kDa subunits (1, 5)-the cDNA for the 24-kDa subunit has already been cloned (6, 7) . Similarly, of the 6 polypeptides identified in the ironprotein fragment (1) , the cDNAs for the 49-kDa (8) and the 75-kDa (9) subunit have been cloned.
In the present work, the cDNA for the 51-kDa subunit of the flavoprotein fragment has been cloned by screening cDNA libraries with oligonucleotides corresponding to partial protein sequences directly determined from the isolated subunit.* A search for sequence similarities with proteins in the Protein Identification Resource data base has unexpectedly revealed the existence in the 51-kDa subunit of regions strikingly similar to segments of the soluble NAD+-reducing hydrogenase of Alcaligenes eutrophus (10) .
MATERIALS AND METHODS
Isolation and Sequence Analysis of the 51-kDa Subunit. Complex I was isolated from bovine heart mitochondria according to Hatefi et al. (11) and resolved by perchlorate into the flavoprotein fragment, the iron-protein fragment, and the hydrophobic protein fragment, as described (12) . Since preliminary tests indicated that the NH2 terminus of the 51-kDa subunit was blocked, the sequence of internal peptides was analyzed. Two hundred micrograms of the flavoprotein fragment was electrophoresed in an SDS/polyacrylamide gel, and the separated proteins were electroblotted onto nitrocellulose (Schleicher & Schuell; 0.45 ,um), with 20% methanol/0.195 M glycine/25 mM Tris, pH 8.3, as transfer buffer. The nitrocellulose filter was stained with amido black, the region where the 51-kDa subunit was bound was sliced out, and the bound protein was digested on the matrix with trypsin (13) . The resulting peptides were separated by HPLC (13) on a Vydac C4 column (150 x 2.1 mm) in a Waters peptide analyzer, using a trifluoroacetic acid/ acetonitrile buffer system (14) . Prominent peptides were sequenced on an Applied Biosystems model 477A sequenator, using standard protocols. Table 1 shows the sequences of the peptides thus determined.
Oligonucleotide Synthesis. Some of the determined peptide sequences of the 51-kDa protein, which had a relatively low codon degeneracy, were used to design mixtures of oligonucleotides for library screening ( Table 1) . The minimum dissociation temperatures were estimated as described (15) . Inosinic acid (I) was substituted, whenever possible, for deoxyguanylic acid, deoxyadenylic acid, and thymidylic acid, since I can base-pair with C, T, and A (16) .
Isolation of Clones. Two libraries, a Agtll bovine heart (Clontech) and a AgtlO bovine brain library, were screened with a gel-purified 256-fold degenerate 26-mer, corresponding to the peptide sequence K (Table 1) , labeled with [y-32P]ATP (Amersham) and polynucleotide kinase (Boehringer Mannheim). Duplicate nitrocellulose filter (Schleicher & Schuell) replicas from plates were treated according to standard protocols and then hybridized with the synthetic oligonucleotides (0.6 pmol/ml) for 16 hr at 56°C, as described (7) . Seventeen positive clones thus isolated from the AgtlO library and five positive clones isolated from the Agtll library were rescreened with the oligonucleotide mixtures corresponding to peptide sequences G and J in Table 1 , and, respectively, the oligonucleotide mixtures corresponding to peptide sequences A and B, at temperatures 5°C below the minimum dissociation temperature of the mixtures. Phages were purified and the recombinant A DNA was isolated as described (17) . The inserts were excised by digestion with EcoRI, purified by electrophoresing them directly onto Zeta-Probe nylon membranes (Bio-Rad) by electroblotting, and hybridized with the insert of pBND51-1, 32P-labeled by random priming, essentially as described (7) . HeLa cell DNA was digested with several restriction endonucleases, electrophoresed in a 0.7% agarose gel, denatured, transferred by capillarity onto a Zeta-Probe nylon membrane, and hybridized with the 32P-labeled insert of pBND51-2, as described (7) analyzed. The 1300-bp insert was subcloned into the pBluescript KS(+) vector (to give pBND51-1) and then sequenced completely on both strands by use of synthetic oligonucleotide primers (Fig. 1) . The sequence revealed a 1325-bp insert containing a poly(A)-addition signal (21) at position 1288, followed by a 19-residue poly(A) tail 17 bp downstream from the signal. The insert contained a reading frame of 415 amino acids, which included all the peptide sequences obtained by direct sequencing of the 51-kDa subunit, except peptide sequence A (IFTNLYG).
The above data suggested that pBND51-1 lacked a 5' segment of the desired cDNA. Thus, oligonucleotide mixtures corresponding to the most NH2-terminal peptide sequence (B) and to the missing peptide sequence (A) were used to rescreen the five positive Agtll clones. One clone hybridized with both oligonucleotide mixtures, and its insert was isolated, subcloned into the pBluescript KS(+) vector (to give pBND51-2), and sequenced as described above. 
S F M N K P S D G R P K Y L V V N A D E G E P C T C K D R E I I R H D 134
481 CCCCACGTGAGTCTGAGGCGGCTGCCCTCGCAACAACGGGATCAACAGCCATTCGTGCTCA600 
R R G G A N F A S F G R E R N S G T K L F N I S C H V N N P C T V E E E N S V 294
961 CCCGAGGTATAAGAGCGGTTAGGGCGGCACCTGTTACCGCGTGCACCCGTCCATCTTTAAG1080 ( Fig. 4) . These results pointed to the existence of a single gene for the 51-kDa subunit in the human genome.
P L K E L I E K H A C G V T C C N D N L L A V I P G G S S T P L I P K S V C E T

DISCUSSION
The protein encoded in the reading frame identified in the pBND51 clones contains all the partial protein sequences determined for 11 internal tryptic peptides of the isolated 51-kDa subunit, and it is therefore very probably the 51-kDa subunit itself or its precursor. The single amino acid divergences at the last position ofpeptide B and at the first position of peptide I are probably explained by ambiguity in amino acid sequencing. The divergence at the last three positions of peptide C cannot be easily accounted for by DNA or protein sequencing mistakes and is therefore likely to reflect a true gene polymorphism. The whole reading frame contained in the pBND51 clones encompasses 490 amino acids. However, it is likely that the methionine at the 27th position is the NH2-terminal amino acid. Several observations point to this conclusion. The molecular mass of the protein from the first methionine residue, taken as residue 1, to the termination codon after residue 464 is 50,749 daltons. If no cleavable presequence existed in this protein, the estimated mass ofthe mature protein would be in agreement with that derived from the electrophoretic mobility of the 51-kDa subunit in SDS/ polyacrylamide gels (5). The stretch corresponding to the first 20 amino acids after the methionine residue has structural features consistent with its being an import signal sequence (22) . In fact, it is relatively rich in positively charged amino acids (arginines) and hydroxylated amino acids and devoid of acidic amino acids or extended hydrophobic stretches. When plotted on a "helical wheel" (23) , most of the positive charges are clustered on one side, whereas uncharged and hydrophobic residues are clustered on the opposite side, forming a reasonable amphipathic helix (24) . No information has been obtained in the present work as to whether this potential targeting sequence is cleaved to generate the mature protein. However, if cleavage occurred after the phenylalanine residue at position 20, in agreement with the reported preferential occurrence of an arginine residue at position -2 relative to the cleavage site (22) , the mature protein would have a molecular mass of 48,599 daltons. Although this mass is lower than expected from the observed electrophoretic mobility of the 51-kDa subunit in SDS/polyacrylamide gels, it should be noted that in a different gel system (urea/SDS/ A hydropathy plot of the 51-kDa subunit sequence failed to reveal a hydrophobic stretch of sufficient length to be folded into a membrane-spanning a-helix (Fig. 5) . This observation is consistent with the evidence from radiolabeling and crosslinking experiments (26) and from immunochemical experiments (27) that indicates that this subunit is not transmembranous but is only partially embedded in the membrane, being exposed largely on the matrix side of the membrane.
The NADH-binding site of the bovine respiratory-chain NADH dehydrogenase has been localized to the 51-kDa subunit by photoaffinity labeling (28) . An examination of the sequence of the pBND51 cDNA-encoded protein (Fig. 2) reveals indeed a cluster of glycine residues with a sequence consistent with the motif GXGXXGXXXG (residues 87-96). This motif has been identified as a highly conserved sequence within a paf3 dinucleotide-binding fold common to the NAD(H)-binding domains ofmany enzymes (29) . The 51-kDa subunit has also been reported to carry one [4Fe-4S] cluster (30) . An examination of the 51-kDa cDNA-encoded protein sequence reveals 12 cysteine residues. In particular, there is a cluster of cysteine residues with the sequence CXXCXXC (residues 379-385), a motif that has been shown to occur in [4Fe-4S] ferredoxins (31) .
A search of the Protein Identification Resource data base for protein sequences having similarity to the 51-kDa protein revealed a striking 32% amino acid identity of this protein to a major portion of the a subunit of the soluble NAD+-reducing hydrogenase from A. eutrophus H16 (10) (Fig. 6 ). This enzyme, which produces energy from hydrogen oxidation, consists of four subunits, of which the largest (a subunit), of 66.8 kDa, contains an NAD+-binding site, FMN, and one [2Fe-2S] cluster (10) . A sequence comparison of this subunit with the bovine 51-kDa subunit shows several stretches of high similarity. Among these, a stretch encompassing 17 amino acids with 88% sequence identity (residues 83-99; Fig. 6 ) corresponds to the NADH-binding domain of the 51-kDa subunit that was mentioned above. Another stretch, encompassing 31 amino acids (residues 200-230) with 81% sequence identity, two of the six amino acid substitutions being conservative (Fig. 6) conserved glycine residues and may represent the FMNbinding site (32) . Still another stretch, of 12 amino acids (residues 377-388) with 70% sequence identity, contains the above-mentioned CXXCXXC sequence, which may be the binding site for an iron-sulfur cluster. The striking sequence similarity between the 51-kDa subunit of the bovine NADH dehydrogenase and the a subunit of A. eutrophus soluble NAD+-reducing hydrogenase strongly suggests that the two proteins had a common ancestor. It has recently been shown that the 50-kDa subunit of the Paracoccus denitrificans NADH dehydrogenase, which is the NADH-binding subunit ofthe complex, crossreacts with antibodies raised against the 51-kDa subunit of the bovine mitochondrial enzyme and has similar amino acid composition to the latter subunit (33) .
The fact that 51-kDa cDNAs identical in nucleotide sequence were isolated from the bovine heart and bovine brain libraries and the observation that apparently a single mRNA species for this protein is expressed in the four tissues examined are consistent with the possibility that there is a single gene for the 51-kDa subunit in the bovine genome. The simple patterns observed in the Southern blot analysis of genomic human DNA are in keeping with this possibility. A wide variation in the steady-state levels of 51-kDa mRNA, which parallels that reported for the 24-kDa subunit of the flavoprotein fragment of the bovine NADH dehydrogenase (7), has been observed in different bovine tissues.
